Introduction
Gemini surfactants are formed from two monomeric surfactants that are linked by a spacer group close to the headgroups. The current interest arises primarily from their lower critical micelle concentration (cmc), greater surface tension lowering at the air/water interface, and the high viscosity of aqueous solutions of Gemini surfactants with short spacers at relatively low surfactant concentration 1,2 than achievable with corresponding monomeric surfactants. The behavior of Gemini surfactants at interfaces and in aqueous solution has been discussed in the review by Zana. 3 In this article, we focus on Gemini surfactants, [C 12 H 25 N(CH 3 ) 2 -(CH 2 ) s -N(CH 3 ) 2 C 12 H 25 ]I 2 (where I is the counterion), which are commonly referred to as m-s-m, 2I -. We will employ the same notation in this article, namely, 12-3-12, 12-4-12, and so on. Such surfactants, which contain a polymethylene spacer, have been thoroughly investigated. 4 The Gemini surfactants at the air/water interface have been studied by surface tension 5 and neutron reflection experiments. 6, 7 The various models used to understand them have been discussed in detail by Diamant and Andelman in Gemini Surfactants: Interfacial and Solution-Phase BehaVior. 8 The behavior is different from that of regular surfactants in many respects, which poses challenges to their complete understanding. The important puzzles raised by Gemini surfactants are exhibited in their surface activity, micellization point, aggregate shape, phase behavior, and dynamics. 9 However, our focus here in this study is the effect of spacer length, s, on the behavior of the 12-s-12 series at the air/water interface using classical MD simulations and fully atomistic force fields.
The surface tension of C s H 2s -R,ω-bis(C 12 H 25 N + (CH 3 ) 2 Br -) with s ) 3, 4, 6, 8, 10, 12, 14, and 16 was measured by Alami et al. as a function of the surfactant concentration. 5 They observed that the surface area per molecule, A S , goes through a maximum for s ) 10, 12. The reason for the non-monotonic increase in A S with increasing spacer length was postulated to arise from the bending of the spacer at s g 10-12. Above this spacer length, the spacer is too hydrophobic to remain in contact with water and moves to the air side of the interface. The nonmonotonic variation of A S corresponds to the non-monotonic variation of the cmc upon increasing spacer length. The bending of the Gemini surfactant linkers has been confirmed by simple models [10] [11] [12] and neutron reflection experiments. 6, 7 The surface excess concentration and A S were calculated by Alami et al. using the Gibbs equation with the equation
Here, Γ is the surface excess concentration, γ is the surface tension, R is the gas constant, T is the temperature, C is the surfactant concentration (in moles of surfactant per liter), n ) 2 (for univalent ionic surfactant) or n ) 3 (for divalent ionic surfactant), and N A is Avogadro's number. The nature of ionic dimeric surfactants in aqueous solutions at concentrations below the cmc has been discussed by many authors. 
surfactant governs the value of n that should be used in calculating A S . The different values of n used have been discussed in the review by Zana. 3 It has been argued that for bis(quarternary ammonium) surfactants one counterion is associated with one ionic head, and therefore, n ) 2 should be used in calculating Γ. 13, 14 However, the value of n used has no bearing on the non-monotonic increase in A S upon increasing the value of s. Neutron reflection measurements by Li et al. 6, 7 showed that the value of n used should be 2 for the systems being studied here, as the values of A S obtained from neutron reflection experiments then agree with the ones obtained from surface tension measurements. Besides the value of A S , the neutron reflection experiments by Li et al. have also been used to study the structure of monolayers of Gemini surfactants at the air/water interface. 7 They found that a low-concentration single layer of surfactants forms below the main layer at an approximate distance of 15-20 Å from the center of the headgroup distribution (normal to the interface). The area per molecule in this secondary layer did not seem to show any particular concentration dependence. It was proposed that this sublayer could be a manifestation of pre-micellar aggregation.
The aim of the MD study conducted here was to throw more light on the surfactant behavior as discussed above and thereby obtain a more detailed picture of the monolayers. To our knowledge, this is the first attempt to study the behavior of these surfactants at the air/water interface by fully atomistic MD simulations.
Simulation Details
Different choices can be made for setting up the system for the MD study of monolayers at air/water interfaces. It is possible to simulate a single monolayer in contact with the aqueous solution and confine the solution by placing a hard wall below the interface. 15 This requires a relatively large bath of water molecules for a given number of surfactants to avoid artifacts due to the long-range structuring of water by the wall. 16 A commonly used practice is to use a thick slab of water with the top and bottom covered with surfactant monolayers, with the thickness of the slab being large enough so that the two monolayers have practically no influence on each other. 17 Along these lines, all the systems studied here consisted of a slab of water with vacuum at either end resulting in two vacuum/water interfaces (also referred to as air/water interfaces in this article). Each system consisted of two monolayers of surfactant molecules at the two vacuum/water interfaces with 64 surfactant molecules in each layer. The water slab used was about 75 Å thick, and the cell size in the z dimension (normal to the interface) was 223 Å. In principle, a two-dimensional Ewald summation method such as that developed by Hautman and Klein 18 could be employed for handling the long-range electrostatic interactions. However, an efficient use of this method requires that the dimension in the nonperiodic direction be much smaller than the periodic directions, and this criterion is not met by the system sizes being studied here. Hence, periodic boundary conditions were employed in three dimensions, and long-range, electrostatic forces were taken into account using the particle mesh Ewald approach with a real-space cutoff of 12 Å. 19, 20 As mentioned above, the surfactants studied here are referred to as m-s-m, where m denotes the length of the hydrophobic chain and s denotes the length of the spacer, respectively. Six fully atomistic MD simulations were performed for 12-3-12 (system Ia), 12-4-12 (system II), 12-6-12 (system III), 12-12-12 (system IV), 12-14-12 (system V), and 12-16-12 (system VI), respectively, at A S values measured at cmc by previous experimental studies. Table 1 shows the A S values measured using neutron reflection experiments (for the primary monolayer) 7 and measured using surface tension experiments 5 at cmc, and the initial surface area per molecule used in our MD simulations.
If the value of n used in the Gibbs equation is 3 instead of 2, for 12-3-12, the A S value as measured from the surface tension measurement is 105 Å 2 . 5 Also, coincidentally, A S is 105 Å 2 at one-tenth of the cmc as measured by neutron reflection experiments. 7 We performed an additional simulation of the surfactant 12-3-12 at an initial surface area per molecule corresponding to 105 Å 2 , which is referred to as system Ib.
To neutralize the positive charge on the surfactant molecules, 256 chloride ions were added randomly in the water of each system. The system sizes varied from 43 343 atoms to 85 967 atoms. The water molecules were described using the TIP3P model. 21 MD simulations were carried out using the program NAMD version 2.5b1 22 and the CHARMM force field. 23 The parameters and charges for the headgroup used were based on the CHARMM force field for tetramethylammonium groups. The NVT ensemble was used for all the simulations. Langevin dynamics was used to control the temperature at 300 K. A time step of 2 fs was used. Nonbonded interactions were calculated every time step, and full electrostatic interactions were calculated every two time steps. Bonds between hydrogen atoms and heavy atoms were constrained to their equilibrium value by means of the SHAKE/RATTLE algorithm. 24, 25 The length of the MD trajectory was ∼17 ns for 12-4-12 (system II) and ∼15 ns for 12-16-12 (system VI). The simulation time for all the other MD runs was ∼10 ns.
The instantaneous surface tension was computed as follows:
Here, L z is the box size in the z direction (the direction normal to the air/water interface) and P ij is the ij component of the pressure tensor. The first factor of 1 / 2 is to account for the two interfaces in the simulation box. Simulation of pure vacuum/water interface was performed to calculate the air/water surface tension. As discussed for the systems above, the box consisted of two vacuum/water interfaces. The box dimensions were 40 Å × 40 Å × 120 Å. The vacuum/water interfaces were in the z direction. The thickness of water layer in the z direction was 40 Å, and the MD trajectory lasted ∼9 ns.
Results and Discussion
The average surface tension of the air/water interface using TIP3P water model and the particle mesh Ewald approach for 
electrostatics with a real-space cutoff of 12 Å was calculated to be 52.75 dynes/cm. The surface tension was computed by averaging γ inst over the length of the MD trajectory. The surface tension value calculated in our simulation agrees with the value of 52.7 dynes/cm calculated using the Ewald summation method for electrostatics by Feller et al. 26 The experimental value for the surface tension of water is 72.8 dynes/cm. Figure 1 shows the average surface tension versus simulation time for the different systems. The surface tension values plotted are the values of the cumulative average computed by averaging γ inst over the length of the trajectory. The instantaneous surface tension was calculated from the pressure tensor every picosecond, using eq 3 as explained in the Simulation Details section.
The exact values of the surface tension as shown in Figure 1 can be misleading. The reason is as follows. We have calculated the surface tension of a pure air/water interface with TIP3P water model and found that it is much lower than the experimental value. The lowering of the surface tension at the air/water interface by the surfactant molecules as described by the CHARMM force field might also not be equal to the lowering of surface tension by the surfactant molecules as measured experimentally. Accordingly, we focus more on the change in surface tension with time for the various simulations rather than the absolute value of the surface tension. Figure 2 shows the number density profiles of water, ions, and different fragments of the surfactant molecules: headgroups (H), chains (C), and spacers (S); along the normal to the air/ water interface. The density profiles of chains, headgroups, and spacers for 12-3-12, 12-4-12, and 12-12-12 at A S ) 105 Å 2 , 77 Å 2 , and 151 Å 2 , respectively, can be fit to Gaussians of the form Here, z is the distance along the normal to the interface, F(z) is the number density along z, A is a constant, σ is the full width at 1/e of the height, A S is the initial surface area per surfactant, and µ is the value of z at the center of distribution. Slight asymmetry in the density profiles introduces a small bias in fitting the curves to a single Gaussian. The values of this bias were estimated for different curves and were found to be very small.
The distributions obtained from the MD simulations are compared with analogous data obtained from fitting to the neutron reflection measurements 7 in Table 2 . There, we report σ values obtained for C, H, and S from the simulations, while the σ values were assumed to be identical for the different fragments of the surfactant molecule while fitting neutron reflection data to the Gaussian functional form. It can be seen in Table 2 that the σ values obtained from our simulations are slightly lower than the experimental values. δ CH and δ SH denote the distance between the centers of distributions of chains and headgroups, and spacer and headgroups, respectively. The values shown are the average values calculated for two monolayers at the two air/water interfaces in each system. If δ CH stands for center of distribution for chains minus center of distribution for headgroups, it has opposite signs for the density profiles along the negative z axis and the positive z axis in Figure 2 . However, a negative sign is used for easy comparison with the parameters obtained experimentally. The same discussion holds for δ SH values. We observe a higher δ SH value for 12-12-12 compared to 12-3-12 and 12-4-12. This shows that, as the spacer becomes more hydrophobic and longer, it bends toward the chains, and the density profiles of spacers move toward the density profiles of chains from those of the headgroups. Figure 2a shows the density profiles for 12-3-12 at A S ) 70 Å 2 (system Ia), computed over the last 2 ns of the simulation. We observe movement of some surfactant molecules from the interface into the aqueous phase and their self-assembly to give a spherical micellar structure. Even at the end of 10 ns, we observe that the system is not yet equilibrated. Similar behavior was observed for 12-4-12 (system II), and that system was run for a longer time to allow for further equilibration of the system. The large system sizes lead to extensive computational time and thus did not allow us to run all the systems for long trajectories. As seen from the density profiles in Figure 2a , the ions are associated with the headgroups, and the density profiles of the spacer chains also lie close to the profiles for the headgroups. Figure 1a shows the average surface tension versus simulation time for the simulation of 12-3-12 at A S ) 105 Å 2 (system Ib) calculated for about last 5 ns of the simulation. The average value of surface tension at the end of 10 ns was calculated to be 28.3 dynes/cm. The surface tension of this system corresponding to A S ) 105 Å 2 in the primary layer is not available via neutron reflection experiments. However, as discussed in the Simulation Details, this corresponds to the surface area per molecule at cmc, if the value of n used in the Gibbs equation for calculating surface area from surface tension measurements is 3 instead of 2. The value of surface tension measured 
experimentally is 35 dynes/cm. 5 Figure 2b shows the density profiles computed for the last 5 ns. As is clear from the figure, the surfactant molecules are well-distributed along the air/water interface, resulting in a stable monolayer. The ions are associated with the headgroups, and the spacers lie close to the headgroups. The different parameters obtained from the density profiles in Figure 2b are compared with the parameters obtained from neutron reflection experiments 7 in Table 2 . Figure 1b shows the average surface tension of 12-4-12 at A S ) 77 Å 2 (system II) for the last 12 ns of the 17-ns-long simulation. As seen from the figure, the surface tension keeps increasing with simulation time, unlike the constant surface tension curve observed for system Ib (see Figure 1a) . The increase in the value of average surface tension with simulation time, as seen in Figure 1b , corresponds to movement of some surfactant molecules from the interface into the aqueous phase. The surface tension keeps changing as the number of surfactant molecules at the air/water interface changes. A constant average surface tension of the system implies a stable interface and hence a constant number of surfactant molecules at the air/water interface. After the movement of surfactant molecules from the interface into the water phase, we observe their subsequent self- , and f show that some surfactant molecules move below the main layer of surfactant molecules at the air/water interface. Panels b and e represent systems where an even distribution of surfactant molecules gives rise to a uniform monolayer at the air/water interface. The plots show both monolayers present at the two air/water interfaces for each system. In panels a and f, the distribution of molecules is slightly different for the two monolayers. These systems are still in the process of equilibration as discussed in the Results and Discussion section. The shape of the profiles in panels a and f could also be a result of the finite size effect arising because of the limitation of the small box size and limited number of surfactants used in the simulations. assembly to form spherical aggregates. This results in a welldistributed monolayer of surfactant molecules at the air/water interface, consisting of about 55 molecules, with a resultant surface area per molecule of about 108 Å 2 . Figure 2c shows the density profiles for system II calculated over the last 2 ns. We observe two peaks for the distribution of surfactant chains for each monolayer, corresponding to aggregate formation below the primary monolayer. The density profiles obtained from our simulation are compared with the density profiles obtained from neutron reflection experiments 7 in Table  2 . The peaks with higher number density, in the density profile of the chains, represent the primary layer. The distance between the centers of distribution of the smaller peak for hydrocarbon chains and the headgroups of the primary layer was 19.2 Å. Li et al. observed secondary layer formation at an approximate distance of 15-20 Å from the center of the headgroup distribution. Our simulations show that aggregate formation below the primary layer could be the reason for the observation of a secondary layer in neutron reflection experiments.
It has been observed by transmission electron microscopy that 12-s-12 surfactants with a short spacer (s ) 2 or 3) form long, threadlike, and entangled micelles even at low concentrations, whereas they form spheroidal micelles with s ) 4. 27 In another MD study on model water-surfactant systems, it was shown that Gemini surfactants with a spacer of two or more oil-like particles form a mixture of spheroids and tree-like micelles. 28 Although the above observations were for the surfactants in bulk aqueous solutions, we observe formation of spherical clusters even below the air/water interface. Figure  3a ,b,c shows snapshots of the simulation at different times. At the end of the simulation, the surfactant molecules from the two initially independent monolayers are too close to each other in the form of aggregates below the interface, and the two layers start interacting with each other. Figure 2d shows the density profiles computed for 12-6-12 at A S ) 95 Å 2 (system III) over the last 2 ns of the simulation. We observe penetration of some surfactant molecules from the air/water interface to the aqueous phase, as seen from the density profiles. Although there is only one peak in the density profile of the chains, as compared to two peaks observed for system II (Figure 2c ), the distribution is not Gaussian, as seen for system Ib (Figure 2b ). The presence of one peak for the density profile of the chains for each layer makes it difficult to calculate the number of surfactant molecules in the primary layer and the molecules below it. The most direct approach to look at the structure of the layer here is to look at the snapshot of the simulation as shown in Figure 4 . By looking at the snapshot, we can see that the surfactant molecules exhibit uneven distribution giving rise to a rippled surface at the air/water interface. This structure of the interface could also be a result of the initial stages of the aggregation of surfactant molecules into spherical aggregates, most likely artificially stabilized by finite size effects. Figure 1a also shows the average surface tension of 12-12-12 at the air/water interface at A S ) 151 Å 2 (system IV) versus simulation time, and Figure 2e shows the density profiles computed over the last 2 ns. The density profiles show the Gaussian distribution of the different fragments of the surfactant molecules. A stable monolayer with a uniform distribution of surfactant molecules exists at the air/water interface, with a constant surface tension of 32.7 dynes/cm. The structure of the stable monolayer can be seen in Figure 5 , which shows a snapshot of the simulation at t ) 10 ns. Table 2 shows the various parameters obtained from the Gaussian fits to the density profiles in Figure 2e . The higher value of δ SH compared to 12-3-12 and 12-4-12 shows bending of the spacer toward hydrophobic chains in 12-12-12 as discussed above. Figure 1a also shows the average surface tension of 12-14-12 at the air/water interface versus simulation time at A S ) 133 Å 2 (system V). The average surface tension of the system at the end of 10 ns is 19.2 dynes/cm. We see a uniform distribution of surfactant molecules at the interface. However, we also observe large-amplitude fluctuations in the monolayer structure, and this could be the reason for a much lower surface tension value compared to that of systems Ib and IV. The density profiles obtained are very similar to system IV ( Figure 2e ) and are not shown here. Figure 2f shows the density profiles computed over the last 2 ns of the simulation of 12-16-12 at the air/water interface at A S ) 103 Å 2 (system VI). As seen from the density profiles, surfactant molecules penetrate the aqueous phase. We observe that the behavior of the system is similar to the behavior of system Ia and system II, as discussed above. We see clear aggregate formation below the air/water interface as shown in the snapshot of the system in Figure 6 . We see slightly different density profiles for the two independent interfaces, as seen in Figure 2f . This could be a result of the finite size effect of using a small simulation cell, or it could be a result of the surfactant layer whose density profiles are along the negative z axis not equilibrated yet.
The high tendency of pre-micellar aggregation by Gemini surfactants has been discussed previously by many authors. 3 Here, we observe similar behavior for 12-3-12, 12-4-12, 12-6-12, and 12-16-12, at the air/water interface, at initial surface areas per molecule measured from surface tension measurements at the cmc. Rekvig et al. studied model linear and branched chain surfactants at the oil/water interface using dissipative particle dynamics (DPD) simulations. They also observed a curved interface and surfactant aggregation in the oil phase, at concentration below the cmc for some surfactants. 29, 30 Our study reveals the three-dimensional molecular structure of the secondary layer formation, supplementing the onedimensional density profiles obtained by neutron reflectivity experiments. 7 However, since lowering the surface density of 12-3-12 (increasing the surface area per molecule from 70 Table 1 ); columns 3, 4, and 5 show the full width of Gaussians at 1/e of the height (σ) for chains (C), headgroups (H), and spacer (S), respectively; column 6 shows the best fitted value of σ from neutron reflection experiments.
7 Columns 7 and 8 [9 and 10] show the distance between the centers of distribution of the chains [spacer] and headgroups obtained from the MD simulations and previous neutron reflection experiments, respectively. All the reported σ and δ values from simulations are the averages of the values obtained for two monolayers at the two vacuum/water interfaces for each system. NA indicates that data are not available. Å 2 to 105 Å 2 ) results in an even distribution of surfactant molecules at the interface and no aggregate formation, the aggregation of surfactant molecules observed in these simulations could be associated with the surface area values measured experimentally. One reason for a problem could be the debatable value of n to be used in eq 1 for calculating surface area from surface tension measurements. Although it has been argued in many papers that n ) 2 should be used, as discussed in the Introduction, our results here for 12-3-12 raise some doubt about the correct value of n to be used. It is clearly not easy to relate the bulk concentration of surfactants with their surface density in simulations. Rekvig et al. have combined DPD with a Monte Carlo method to determine the bulk concentration needed to obtain a given surface density of model linear and branched chain surfactants at the oil/water interface. They imposed constant surfactant chemical potential and normal pressure in separate simulations of bulk and interface. 29, 30 The spacer becomes more hydrophobic and flexible as the spacer length is increased. This causes bending of the spacer toward the chains, resulting in non-monotonic changes in surface area per molecule at the air/water interface with increasing spacer length as discussed in the Introduction. Upon comparing parts a-f of Figure 2 , we clearly see that the density profile of the spacer shifts toward the density profile of the chains from the density profile of the headgroups along the z axis as the number of carbon atoms in the spacer is increased. The higher value of δ SH for 12-12-12 compared to those of 12-3-12 and 12-4-12 confirms this observation. Hence, here our results agree with the previous experimental and theoretical results.
In short, the behavior of the surfactant molecules studied here can be partitioned into two general categories: In some cases, all the surfactant molecules stay at the air/water interface, giving a uniform distribution and hence a stable monolayer. In other cases, some surfactant molecules move from the air/water interface to the aqueous phase, exhibiting further aggregate formation below the interface and a stable primary monolayer at the air/water interface, with a surface concentration of the primary monolayer lower than the initial surface concentration.
Conclusions
The behavior of the 12-s-12 series of Gemini surfactants at the air/water interface has been studied by fully atomistic MD simulations using the CHARMM force field. The surfactants with s ) 3, 4, 6, 12, 14, and 16 were studied at initial surface area per surfactant A S ) 70 Å 2 , 77 Å 2 , 95 Å 2 , 151 Å 2 , 133 Å 2 , and 103 Å 2 , respectively. These are the surface area values derived from surface tension experiments using n ) 2 in the Gibbs equation at cmc. The system 12-3-12 was also studied at A S ) 105 A 2 . This is the surface area per molecule calculated using n ) 3 in the Gibbs equation. Coincidentally, this A S value for 12-3-12 is the same as that measured at 1/10th of cmc, by neutron reflection experiments. The behavior of the surfactants was seen to depend on the values of s and A S . Three systems studied, 12-3-12 at 1/10th of cmc (system Ib), 12-12-12 at cmc (system IV), and 12-14-12 at cmc (system V), give a continuous distribution of surfactants at the air/water interface, resulting in a stable monolayer. However, in all other situations, we observe movement of some surfactant molecules from the air/water interface into the aqueous phase. For 12-3-12, 12-4-12, and 12-16-12, we see clear formation of aggregates below the primary layer of surfactant molecules at the air/water interface. For 12-6-12, we do not see clear aggregate formation below the interface, but an uneven distribution of surfactant molecules at the interface resulting in a rippled surface exists. Our simulations provide a plausible three-dimensional molecular explanation to the observation of a secondary peak of surfactant molecules, below the primary monolayer, observed in the density profiles obtained from neutron reflection experiments. We observe the bending of the spacer toward the hydrophobic chains, as the spacer length is increased from three carbon atoms to sixteen carbon atoms. The simulations suggest that the presence of a spacer between the headgroups leads to complex behavior of the surfactants at the air/water interface. We suggest that simulations of each surfactant molecule at different A S values at the air/water interface, for constant s, will aid further understanding of the structure of the layers at the air/water interface at different surfactant concentrations.
